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1.0  SUMMARY 


1,1  Program  Objective 

The  major  objective  of  the  program  is  to  establish  the  feasibility  of  reactive 
rf  sputtering  as  a  viable  approach  for  the  preparation  of  single  crystal  thin  films 
suitable  for  applications  in  microelectronics,  microwave  devices  and  integrated 
optics.  It  involves  the  preparation  of  epitaxial  films  of  selected  III-V  semicon¬ 
ductors,  II -VI  semiconductors  and  high  dielectric  constant  materials.  A  secondary 
objective  of  the  program  is  fabrication  of  appropriate  devices  to  ascertain  the 
device  potential  of  the  films  grown.  This  research  program  is  being  conducted  under 
the  AKPA/ONR  Contract  NOOOl4-72-C-OUl5. 


1.2  Major  Accomplishments 

Over  the  last  six  month  period  considerable  progress  has  been  achieved. 

Conditions  for  the  epitaxial  growth  of  four  different  materials  have  been  established. 
Each  accomplishment  in  itself  constitutes  a  first. 

Single  crystal  films  of  aluminum  nitride  have  been  grown  by  reactive  sputtering 
'n  a  nitrogen  and  ammonia  ambient  on  (0001)  and  (ll02)  oriented  sapphire  substrates. 
Surface  acoustic  wave  devices  were  fabricated  and  the  results  obtained  were  comparable 
to  the  best  reported  for  AIN  on  sapphire  grown  by  chemical  vapor  deposition.  The 
results  are  extremely  encouraging  in  that  process  development  for  the  growth  of 
aluminum  nitride  by  reactive  sputtering  is  in  its  infancy  as  compared  to  the  chemical 
vapor  deposition  process  which  has  had  several  years  to  mature.  The  films  prepared 
have  a  surface  finish  superior  to  that  obtained  by  chemical  vapor  deposition. 

Single  crystal  films  of  zinc  oxide  have  been  grown  on  (0001)  and  (1102)  oriented 
sapphire  substrates.  The  preparation  of  epitaxial  single  crystal  films  of  zinc 
oxide  by  sputtering  on  (1102)  oriented  sapphire  has  not  been  previously  reported  in 
the  literature.  Epitaxy  has  been  achieved  at  a  deposition  rate  approaching  two 
orders  of  magnitude  improvement  over  past  work  reported  on  zinc  oxide  grown  by  sput¬ 
tering  on  (0001)  sapphire.  The  improvement  achieved  in  deposition  rate  establishes 
sputtering  as  a  practical  method  for  preparation  of  single  crystal  films  of  zinc 
oxide. 

Single  crystal  films  of  gallium  arsenide  have  been  prepared  by  reactive 
sputtering  of  gallium  in  an  arsenic  ambient.  This  is  the  first  known  successful 
attempt  at  epitaxy  of  gallium  arsenide  by  reactive  sputtering.  The  films  initially 
grown  have  a  resistivity  of  104  fl-on. 

The  condit ions  for  the  growth  of  epitaxial  films  of  rutile  on  sapphire  were 
also  determined.  'These  results  constitute  the  first  successful  preparation  of 
single  crystal  rutile  films  by  reactive  sputtering. 
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Hie  results  achieved  to  date  clearly  illustrate  the  versatility  and  feasibility 
of  reactive  sputtering  as  a  viable  approach  to  the  preparation  of  a  wide  variety 
of  suite  rials  in  single  crystal  thin  film  folia#  Surface  quality  and  film  uniformity 
achieved  by  sputtering  is  generally  superior  to  that  obtained  by  chemical  vapor 
deposition. 


1.3  Future  Work 

The  bulk  of  the  effort  to  date  has  been  directed  toward  establishing  conditions 
for  epitaxial  growth  and  the  structural  characterization  of  the  film*  In  order  to 
consolidate  the  gains  of  the  past  period  most  of  the  effort  will  be  focused  on  the 
materials  grown  to  date.  Greater  attention  will  be  given  to  the  fabrication  and 
evaluation  of  a  number  of  device  configurations.  The  results  obtained  will  be  used 
to  further  refine  the  deposition  parameters  in  order  to  achieve  the  optimum  material 
properties.  Experiments  in  optical  waveguiding  will  be  carried  out.  Active  thin 
film  devices  incorporating  acoustooptic  interactions  will  be  fabricated  with  single 
crystal  aluminum  nitride  and  zinc  oxide  films.  Doping  experiments  will  be  conducted 
on  the  reactively  sputtered  gallium  arsenide.  Preliminary  work  will  start  on  the 
epitaxial  growth  of  reactively  sputtered  gallium  nitride  and  aluminum  arsenide. 
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2.0  EPITAXY  OF  4HJMINUM  NITRIDE  BY  REACTIVE  SPUTTERING 

Single  crystal  films  of  aluminum  nitride  have  been  grown  on  (0001)  and  (1102) 
oriented  sapphire  substrates  by  reactive  rf  sputtering  in  both  nitrogen  and  ammonia 
ambients.  Although  single  crystal  films  of  aluminum  nitride  have  been  prepared  by 
chemical  vapor  deposition  (Refs,  1,  2)  we  believe  that  this  represents  the  first 
successful  attempt  to  achieve  this  result  via  sputter!.^. 

Aluminum  nitride  is  a  particularly  interesting  material  for  surface  acoustic 
wave  and  integrated  optics  applications.  Its  crystal  structure  is  hexagonal  wurt- 
zite  with  lattice  parameters  a0  =  3.H1A  and  Cq  =  4,980^..  it  is  piezoelectric  and 
electrooptic. 

The  initial  efforts  of  this  program  were  directed  toward  establishing  the 
feasibility  of  using  the  reactive  rf  sputtering  technique  for  preparation- of  single 
crystal  thin  films,  determination  of  the  conditions  for  epitaxy  and  characterization 
of  the  films  grown.  The  results  obtained  over  the  last  six  month  period  are 
described  below. 


2.1  Epitaxial  Thin  Film  Deposition 

In  the  previous  report  period  the  maximum  substrate  temperature  attainable  was 
limited  to  approximately  750°C.  Epitaxy  was  not  achieved  and  modification  of  the 
system  was  required  to  extend  its  high  temperature  capabilities,  A  tantalum  substrate 
heater  was  incorporated  into  the  system  which  pemitted  a  substrate  heater  operating 
temperature  in  excess  of  l800°C.  The  actual  sample  temperature  was  determined  in  the 
following  manner.  The  substrate  heater  temperature  was  measured  by  an  optical  pyro¬ 
meter  and  the  actual  sample  temperature  was  arrived  at  by  measuring  its  thermal 
expansion  at  the  corresponding  heater  temperature.  Plots  were  made  of  the  substrate 
heater  temperature  versus  sample  temperature  in  order  to  convert  the  optical  pyrometer 
readings  directly  into  substrate  temperature.  More  complete  details  of  this  measure¬ 
ment.  are  discussed  in  Appendix  I. 

Substrates  were  polished  single  cjystal  aluminum  oxide.  Crystals  cut  with  the 
(00C1)  plane  parallel  to  the  surface  as  well,  as  crystals  cut  with  the  (ll02)  plane- 
parallel  to  the  surface  were  ueed.  Substrates  were  prepared  by  a  thorough  degreasing 
in  MOS  gr  de  trichloroethylene  followed  by  a  rinse  in  MOS  grade  methanol  and  finally 
a  rinse  in  deionized  water.  The  substrates  were  next  slightly  etched  in  55°C  H^SOk 
for  15  minutes,  rinsed  in  deionized  water  and  dried  in  a  dry  nitrogen  blast.  Finally 
the  substrates  were  annealed  for  2  hours  at  1200°C  in  dry  oxygen. 

The  relative  merits  of  ammonia  and  nitrogen  were  studied  as  the  reactant  gas. 
Although  epitaxy  could  be  achieved  using  either  gts,  ammonia  was  found  to  result  in 
epitaxial  deposits  at  a  lower  temperature.  The  films  obtained  with  ammonia  were 
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generally  dear  although  films  with  a  hazy  appearance  were  produced  on  occasion. 

The  elevated  temperature  (l400°c)  required  for  epitaxial  growth  of  AIK  films  in 
nitrogen  resulted  in  an  apparent  reaction  "between  the  substrate  and  the  substrate 
heater.  This  produced  a  blackening  of  the  heater  and  the  underside  of  the  substrate. 
The  resultant  films  generally  had  a  rough  surface  texture.  Due  to  this  problem, 
subsequent  work  was  done  solely  with  an  ammonia  reactive  ambient.  Typical  condi¬ 
tions  for  obtaining  epitaxy  of  aluminum  nitride  on  (0001)  and  (1102)  sapphire  sub¬ 
strates  are  listed  below: 


Reactive  Ambient 
Substrate  Temperature 
Deposition  Rate 
Reactive  Ambient 
Heater  Temperature 
Deposition  Rate 


-  2  x  10"2  torr  NH3 

-  1250°C 

-  50  A/min 

-  6  x  10"2  torr  1^2 

-  l400°C 

-  20  A/min 


Epitaxy  has  been  achieved  at  a  substrate  temperature  as  low  as  1050°C  with  an 
ammonia  ambient  but  the  results  are  spotty.  It  is  preferable  to  grow  at  the  slightly 
higher  temperature  quoted  in  order  to  achieve  consistent  results. 


Prior  to  film  deposition  a  new  tantalum  he '.ter  is  prepared  for  use  in  the 
following  manner.  The  vacuum  chamber  is  pumped  own  to  10"°  torr  and  the  heater  is 
rasied  to  1200°C  and  outgassed  till  the  background  pressure  drops  back  to  IQ"*5  torr. 
Subsequently,  the  heater  temperature  is  raised  to  l800°C  for  five  minutes  and  then 
dropped  back  to  l4C0cC,  and  a  coating  of  aluminum  nitride  ' s  deposited  on  the  tantalum 
heater. 


After  a  heater  is  broken  in,  a  typical  run  sequence  consists  of  (l)  evacuating 
the  sputtering  chamber  to  10"°  torr  with  the  heater  adjusted  to  operating  tempera¬ 
ture,  (2)  admission  of  the  reactive  gas  into  the  chamber  and  adjustment  to  operating 
pressure  (typically  2  x  10"2  torr),  (3)  readjustment  of  the  heater  to  the  required 
deposition  temperature,  and  (4)  sputter  cleaning  of  the  aluminum  target  for  five 
minutes  at  a  power  density  of  40  W/in2,  With  the  completion  of  this  sequence  the 
system  is  ready  for  film  deposition.  The  sputtering  target  is  99*999$  pure  aluminum 
and  the  reactive  gases  have  an  assayed  purity  of  99*999$  or  better. 


2.2  R,yslcol  Characterization  of  AIN  Films 

Reflection  electron  diffraction  and  x-ray  diffraction  vcre  employed  to  determine 
the  structure  and  epitaxial  relationships  of  the  film  to  the  substrate.  Figure  1 
shows  the  calculated  reflection  electron  diffraction  pattern  expected  for  the  elec¬ 
tron  beam  aligned  with  the  [lOiO]  and  Cl320]  directions.  The  patterns  correspond 
to  AIN  grown  with  (0001)  planes  parallel  to  the  surface  of  the  film.  As  the  elec¬ 
tron  beam  is  rotated  in  the  plane  of  the  film,  each  pattern  should  exhibit  a  repeat 
period  of  60°  and  the  two  patterns  should  alternate  every  30°.  Figure  2  shows  the 
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CALCULATED  RED  PATTERN  FOR  AIN  OR  ZnO 
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reflection  electron  diffraction  patterns  obtained  for  All?  grown  on  (0001)  oriented 
aluminum  oxide.  Under  rotation,  the  angular  dependence  of  the  diffraction  patterns 
was  found  to  vary  as  described  above.  In  the  diffraction  experiments  the  electron 
beam  is  incident  at  a  grazing  angle  and  illuminates  the  full  length  of  the  film. 
Traversal  of  the  sample  over  its  full  width  in  a  direction  orthogonal  to  the  bean 
produced  no  variation  in  the  diffraction  pattern  indicating  that  the  film  was  indeed 
single.  Diffractometer  traces  exhibited  a  single  diffraction  peak  corresponding  to 
a  "d"  spacing  of  2.U9OA.  This  value  coincides  with  the  spacing  expected  for  (3002) 
planes  of  aluminum  nitride. 

Figure  5  lepicts  the  expected  diffraction  patterns  with  the  electron  bean 
directed  along  the  C000l]  and  [1120  ]  zone  axes  for  All!  with  (1120)  planes  parallel 
to  the  surface  of  the  film.  Figure  b  shows  the  actual  reflection  electron  diffrac¬ 
tion  pattern  obtained  for  All!  grown  on  (1102)  oriented  aluminum  oxide  substrates. 

The  [OOOI]  and  Cll20]  patterns  alternate  every  90°  for  a  rotation  of  the  beam  in  the 
plane  of  the  film.  The  periodic  behavior  exhibits  the  proper  symmetry.  Diffracto¬ 
meter  traces  showed  a  single  peak  corresponding  to  a  "d"  spacing  of  1.55TA  which  is 
that  expected  for  (1120)  planes  of  All/.  Yim,  et  al  (Pef.  2)  have  reported  that  two 
other  orientations  were  observed  for  siiigle  crystal  All/  layers  grown  on  (ll02)  sap¬ 
phire,  (3035)  and  (II27)  All/.  These  results  were  obtained  by  chemical  vapor  deposi¬ 
tion,  In  our  work  only  the  (1120)  orientation  of  All/  was  obtained  on  (ll02)  sapphire 
substrates. 

The  single  crystal  films  grown  were  generally  clear  and  transparent  but  on 
occasion  films  with  a  hazy  appearance  were  produced.  Optical  transmission  measure¬ 
ments  indicated  that  the  optical  cutoff  in  the  ultraviolet  occurred  near  2000A  cor¬ 
responding  to  a  band  gap  of  approximately  6,2  ev  in  agreement  with  the  work  of  Yin, 
et  al  (Pef.  2). 

The  surface  quality  of  the  films  grown  by  sputtering  are  generally  superior 
to  those  obtained  by  chemical  /ape r  deposition.  It  has  been  reported  that  surface 
acoustic  wave  devices  fabricated  with  All/  films  thicker  than  1,6*,  which  were  grown 
by  chemical  vapor  deposition  require  mechanical  polishing  to  remove  the  surface 
irregularities  before  definition  of  interdigital  transducers  can  take  place  (refs. 

3,  b).  Figures  5  and  6  are  electron  micrographs  o replicated  surfaces  of  2.5  micron 
thick  aluminum  nitride  films  grown  on  (0001)  and  v!102)  sapphire  substrates.  The 
surfaces  obtained  tend  to  mirror  the  surface  imperfections  of  the  polished  substrates. 


2,3  Surface  Acoustic  Wave  Device  Evaluation  of  All?  Films 

A  surface  acoustic  wave  delay  line  was  fabricated  to  evaluate  the  piezoelectric 
characteristics  of  the  films  grown  by  sputtering.  To  date  the  only  published  data 
on  surface  acoustic  wave  devices  fabricated  with  AIN  on  sapphire  is  the  work  at  liorth 
American-Autonetics,  Their  data  is  confined  to  AIN  on  (1102)  sapphire  substrates 
with  the  c-axis  of  the  All/  lying  in  the  plane  of  the  film. 
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The  data  presented  in  our  report  is  the  first  useful  data  for  A1II  grown  on 
(0001)  oriented  sapphire  (c-axis  Xto  the  film  plane).  The  advantage  of  this 
orientation  for  delay  line  construction  is  that  the  anisotropy  (and  delay  line  bean 
steering)  is  low  in  the  (0001)  plane,  whereas  with  the  'C-axis  in  the  plane  of  the 
film,  the  interdigital  transducers  must  be  aligned  to  propagate  surface  acoustic 
waves  along  the  c-axis  of  the  AIN, 


The  surface  acoustic  wave  data  presented  below  is  for  a  2  nicron  thick  single 
crystal  aluminun  nitride  film  grown  on  a  (0001)  sapphire  substrate.  Interdigital 
(ID)  transducers  were  pho toll thogra phi cally  fabricated  with  the  following 
specifications: 


Pattern  Spacing 


Number  ID  Fingers 
Finger  Length 
ID  Periodicity 
Metallization 


5.1  mm 

a 

1  ms 
25  K3 

0.15  aluminum 


The  surface  acoustic  wave  transducer  configuration  is  illustrated  in  Fig.  7, 
and  Fig,  6  shows  a  plot  of  the  input  impedance  versus  frequency  for  the  two  trans¬ 
ducers,  The  nearly  identical  .response  for  the  two  transducers  is  indicative  of  the 
uniformity  of  film  thickness.  Transducer  insertion  loss  as  a  function  of  frequency 
is  shown  in  Fig.  9.  The  two  port  insertion  loss  was  lowered  from  63  dB  to  37  d3  at 
216  MHz  by  series  tuning  with  miniature  inductors.  In  fact,  the  insertion  loss 
would  have  beer,  much  lower,  at  least  as  low  as  25  dB,  if  our  transducer  pattern  had 
had  lev  spurious  shunt  capacitance.  This  will  be  corrected  in  future  experiments 
with  a  small  bonding  pad  configuration.  A  pulse  delay  time  for  the  above  structure 
was  measured  to  be  920  ns  with  a  propagation  loss  of  1,5  dB  for  the  path.  The  pulse 


echo  response  is  shewn  in  Fig.  10.,  The  aluminum  nitride  dielectric  loss  Q  was  esti¬ 


mated  to  be  10,  the  dielectric  constant  approximately  10  and  the  resistivity  greater 
than  Hr  The  surface  acoustic  wave  velocity  was  determined  to  be  5500  m/s. 

Tne  effective  piezo  coupling  constant  (ir)  was  determined  to  be  .08$.  This  compares 
very  favorably  with  the  value  of  ,09$  obtained  at  Autonetics  (Paf.  3)  for  the  same 
film  thickness  to  transducer  pattern  periodicity  utilized  here. 


The  results  obtained  to  date  are  very  encouraging  since  the  surface  acoustic 
wave  experiments  were  done  with  material  prepared  by  a  technique  which  is  in  its 
very  early  stages  of  development.  The  chemical  vapor  deposition  process  has 
several  years  cf  development. 


2„k  Future  studies 


The  main  emphasis  to  date  has  been  directed  toward  achieving  epitaxy  of 

nitride.  With  this  behind  us,  efforts  will  be  aimed  at  refinements  in  the 
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deposition  parameters  to  optimize  material  properties  in  order  that  the  eventual 
goal  of  fabricating  thin  film  active  integrated  optic  devices  can  be  realized. 

Optical  and  electrical  properties  of  the  films  will  be  more  completely  characterized. 
Attention  will  be  focused  on  devices  employing  acoustooptic  interactions.  Preliminary 
experiments  in  the  growth  of  gallium  nitride  will  also  be  addressed. 
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3.0  SPUTTERED  EPITAXIAL  TTIMS  OF  ZDJC  OXIDE 


Zinc  oxide  is  a  II -VI  semiconductor  with  the  hexagonal  wurtzite  structure. 

It  is  isomorphous  in  structure  to  aluminum  nitride.  It  is  piezoelectric  and  electro¬ 
luminescent  and  has  considerable  potential  for  integrated  optics  applications. 

Single  crystal  films  of  zinc  oxide  have  been  prepared  by  the  close-space  vapor 
transport  technique  (Ref,  5)  and  also  by  dc  sputtering  (Ref.  6),  The  close-space 
vapor  transport  technique  generally  yields  films  of  low  resistivity  and  must  be 
lithium  diffused  in  order  to  raise  the  resistivity  to  acceptable  values.  A  second 
drawback  to  this  approach  is  that  it  yields  films  of  poor  crystallinity  on  (0001) 
sapphire  substrates,  and  films  of  good  crystallinity  are  only  obtained  on  (1102)  cut 
substrates. 

Single  crystal  films  have  been  grown  by  Rosgonyi  and  Polito  (Ref.  6)  by  dc 
sputtering  but  only  on  (0001)  oriented  substrates  of  sapphireoand  CdS,  The  deposi¬ 
tion  rates  for  epitaxy  were  extremely  low,  approximately  200  A/hr,  too  low  to  be 
practical.  We  report  below  not  only  the  first  epitaxial  deposition  of  zinc  oxide 
achieved  on  (1102)  sapphire  substrates  by  sputtering  but  also  epitaxial  growth  of 
zinc  oxide  on  (0001)  oriented  sapphire  at  practical  rates  (90  A/mln). 


3.1  Epitaxial  Thin  Film  Deposition  of  ZnO 

Films  of  ZnO  were  prepared  by  rf  sputtering  from  a  99. 99$  pure  target  of  the 
compound  in  a  80$  argon  and  20$  oxygen  ambient.  The  argon  was  99*999$  pure  and  the 
oxygen  was  99.99^$  pure.  The  sputtering  chamber  was  pumped  with  a  turbomoiecular 
pumped  backed  With  a  standard  mechanical  pump.  Pumping  speed  of  the  turbomoiecular 
pump  is  about  250  liters  per  second  in  the  millitorr  rarge.  Since  the  chamber  lias 
a  volume  of  about  25  liters,  this  represents  a  charge  of  sputtering  gas  about  19 
times  per  second.  The  chamber  is  of  stainless  steel  construction.  Copper  gasketed 
seals  as  well  as  viton  A  "0"  ring  seals  are  used.  The  system  typically  was  evacuated 
to  about  2  x  10"^  torr  before  deposition  began. 

Substrates  were  heated  by  placing  them  on  a  thin  high  purity  AI2O3  slide  which 
was  in  direct  contact  with  a  tantalum  strip  heater.  The  heater  temperature  was 
monitored  with  a  chronel-alumel  thermocouple  spot  welded  to  the  heater.  The  corre¬ 
lation  between  the  heater  temperature  and  substrate  temperature  is  presented  in 
Appendix  I. 

The  sputtering  gas  was  a<iiiitted  through  two  precision  micrometer  valves.  The 
argon  flow  was  first  adjusted  to  yield  a  pressure  80$  of  the  total  desired  sputtering 
pressure,  and  then  the  oxygen  flow  was  adjusted  to  bring  the  pressure  up  to  100$  of 
the  desired  pressure. 
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The  substrates  vers  of  the  same  type  and  prepared  in  the  identical  manner  as 
described  in  Section  2.1  of  this  report. 

Epitaxy  was  achieved  on  (0001)  oriented  sapphire  for  the  following  conditions: 

Total  gas  pressure  -  10  mtorr 

Substrate  temperature  -  600°C 

Deposition  rate  -  90  Vm-n 

Target  input  pc  «?er  density  -  0.7  watts/cm2 

Epitaxy  '-rss  achieved  on  the  (1102)  oriented  sapphire  for  the  following 
conditions: 

Total  gas  pressure  -  100  mtorr 

Substrate  temperature  -  700°c 

Deposition  rate  -  33  Vmin 

Target  input  power  density  -  2.2  watts/ an^ 

A  special  feature  of  this  spattering  system  is  the  variety  of  magnetic  fields 
which  can  be  produced  in  the  region  of  the  substrate  and  cathode.  The  fields  are 
produced  by  a  pair  of  solenoids  each  about  £  inch  long,  inches  thick  and  7  inches 
in  diameter.  The  coils  are  concentric  to  the  cathode  and  substrate  holder.  Spacing 
between  the  coils  and  position  of  the  coil  pair  midplane  are  variable  over  a  range 
of  about  6  inches.  The  target- to- substrate  distance  is  also  variable  but  was  main¬ 
tained  at  1-1/8  indies  for  these  experiments.  The  coils  can  be  connected  so  that 
their  fields  either  add  or  oppose.  In  this  way  the  fields  can  be  changed  from  a 
predominantly  axial  one  to  a  quadrupole  one.  A  number  of  experiments  have  been  made 
to  determine  the  effect  of  these  fields  on  the  substrate  temperature  and  film  deposi¬ 
tion  uniformity.  The  configuration  chosen  for  these  experiments  was  with  the  elec¬ 
tromagnet  -xiils  arranged  to  produce  a  predominantly  axial  field.  This  configuration 
produced  a  reasonably  uniform  deposition  over  the  central  2  indies  of  the  substrate 
holder  and  at  the  same  time  minimized  the  substrate  heating  over  the  same  range  by 
diverting  the  energetic  secondary  electrons  emitted  from  the  target.  At  a  target 
power  density  of  2.2  watts/cm  ,  it  is  estimated  that  the  increase  in  substrate  tem¬ 
perature  above  that  implied  by  measuring  the  substrate  heater  was  100°C,  While  at 
the  ta.-get  power  density  cf  0,7  watts/cm,  the  increase  in  temperature  was  only  25°C. 
Without  the  pressure  of  the  magnetic  fi~ld  the  increase  in  temperature  would  have 
been  l80°C  and  75°C,  respectively.  Another  equally  important  aspect  of  diverting 
the  secondary  electrons  from  interacting  with  the  substrate  is  their  effect  on  the 
texture  of  the  film.  Films  grown  outside  of  the  central  2  inches  have  a  cloudy 
grainy  appearance.  The  same  effect  is  noted  at  zero  or  low  magnetic  fields  for 
films  grown  at  the  center  of  the  substrate  holder.  The  films  grown  in  the  center  of 
the  substrate  with  high  axial  fields,  however,  are  smooth  and  clear. 
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3.2  Characterization  of  ZnO  Flints 

The  film  structure  was  determined  using  x-ray  diffraction  and  reflection 
electron  diffraction.  Zinc  oxide  is  isomorphous  to  the  structure  of  aluminum 
nitride  and  their  respective  lattice  parameters  are  within  a  percent  of  each  other. 
Therefore,  Figs.  1  and  3  also  represent  the  expected  electron  diffraction  patterns 
for  single  crystal  zinc  oxide  films.  Figures  11  and  12  show  reflection  electron 
diffraction  patterns  obtained  for  films  grown  on  (0001)  and  (1102)  sapphire  sub¬ 
strates.  The  epitaxial  relationships  between  film  and  substrate  are  found  to  be: 

( 0001) ZnO  II  (OOOljAl^,  CllO2]Zn0  II  [uJojAlgO 

(llO2)Zn0  |l  (1102)A120,,  [OOOl]ZnO  ||  ClioIlAl^ 

The  surface  quality  of  the  films  is  excellent  and  tends  to  replicate  the 
substrate  finish  whereas  chemical  transport  produces  generally  rough  films.  Figure 
13  is  an  electron  micrograph  of  a  replicated  surface  of  a  one  micron  thick  zinc 
oxide  film  deposited  on  (1102)  sapphire.  The  films  grown  are  clear  and  transparent. 

The  resistivity  of  the  sputtered  films  is  10^  l-ar  or  better.  No  lithium 
diffusion  is  required  to  enhance  the  resistivity  in  contrast  to  films  prepared  by 
chemical  vapor  deposition  techniques. 


3.3  Surface  Acoustic  Wave  Device  Evaluation 

The  performance  of  the  zinc  oxide  films  grown  on  (1102)  sapphire  substrates 
was  evaluated  using  the  same  interdigital  transducer  structure  described  in  Section 
L.3.  The  film  thickness  was  1.4  ym;  therefore,  the  surface  acoustic  wave  velocity 
was  strongly  affected  by  the  sapphire  substrate.  Transducers  were  placed  to  pro¬ 
pagate  acoustic  waves  parallel  and  perpendicular  to  the  c-axis  of  the  zinc  oxide 
(see  Fig.  l4).  The  minimum  untuned  two  port  insertion  loss  was  43  dB  for  propaga¬ 
tion  along  the  c-axis.  Perpendicular  to  the  c-axis  the  insertion  loss  was  22  dB 
higher. 

The  acoustic  resonant  frequency  was  determined  to  be  215  KHz. 

The  transducer  insertion  loss  as  a  function  of  frequency  is  shown  in  Fig.  15 
for  the  interdigital  transducer  pattern  aligned  to  propagate  surface  acoustic  wates 
along  c-axis  of  the  zinc  oxide.  The  piezoelectric  coupling  coefficient  k2  was  .in¬ 
sured  to  be  approximately  0.4$, 

This  is  subsequently  higher  than  the  value  of  0.31$  (Ref.  b)  reported  for  zinc 
oxide  films  on  sapphire  prepared  by  the  close- space  transport  method.  The  measured 
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surface  acoustic  wave  velocity  was  510Q  m/ sec.  This  compares  favorably  with  the 
calculated  value  of  Lin  (Ref.  7)  for  zinc  oxide  on  sapphire  for  the  film  thickness  to 
transducer  pattern  periodicity  ratio  (.056). 


3.**-  Future  Studies 

As  with  the  other  materials  studied  in  this  program,  the  main  emphasis  on  ZnO 
has  been  to  determine  a  set  of  epitaxial  sputtering  parameters.  Future  work  will 
include  investigation  and  optimization  of  these  films  for  properties  of  interest  for 
use  in  integrated  optics  applications. 
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4.0  GROWTH  OP  EPITAXIAL  GALLIUM  ARSE  HI  HE  PIIMS 


Siigle  crystal  epitaxial  films  of  gallium  arsenide  have  been  reactively 
sputtered  onto  gallium  arsenide  substrates.  These  films  should  be  useful  in  a 
variety  of  applicat  ions  such  as  integrated  optics,  acousto-electric,  and  microwave 
devices.  The  films  were  -eactively  sputtered  from  a  gallium  target  by  arsenic  ions. 
A  practical  pressure  of  arsenic  was  maintained  by  heating  the  vacuum  chamber  to 
—  250°C  to  prevent  arsenic  condensation  and  heating  high  purity  arsenic  in  an 
alumina  crucible.  The  use  of  arsenic  as  the  sputtering  gas  should  improve  the  stoi¬ 
chiometry  of  the  sputtered  gallium  arsenide  film.  This  is  due  to  the  high  vapor 
pressure  of  arsenic  at  the  temperatures  required  for  epitaxy. 

The  electrical  and  optical  properties  of  the  films  are  being  determined,  and 
the  results  to  date  are  included  in  this  report. 


4.1  Verification  of  Gallium  Arsenide  Synthesis  by  Reactive  Stuttering 

4.1.1  X-Ray  Diffraction 

A  Phillips  X-ray  Diffractometer  with  a  copper  target  was  used  in  this 
investigation.  The  target  was  excited  by  40  Kev  electrons,  and  a  nickel  filter  was 
inserted  into  the  x-ray  beam.  An  x-ray  diffraction  scan  of  a  single-crystal  galli'-im 
arsenide  substrate  is  shown  in  Pig.  l6a.  The  substrate  is  oriented  with  a  (100)  face 
parallel  with  the  surface,  and  therefore,  large  peaks  due  to  the  (200)  and  (400) 
planes  are  recorded.  Figure  l6b  is  a  diffractometer  scan  of  a  sputtered  film  on 
another  (100)  oriented  gallium  arsenide  substrate.  The  large  (200)  and  (4C0)  peaks 
are  principally  due  to  the  substrate,  but  all  the  other  peaks  result  from  the  poly¬ 
crystalline  film  indexed  to  be  gallium  arsenide.  Ho  other  materials  or  phases  were 
observed. 

4.1.2  Electron  Hicroprobe  Analysis 

Ur  ng  a  Horelco  electron  probe,  two  polycrystalline  samples  were  quantitatively 
analysed  and  were  found  to  be  stoichiometric  to  within  0.  ^  to  1%  which  is  the  accu¬ 
racy  of  the  method. 

The  samples  were  also  micro probe  analyzed  for  impurities.  Specific  analysis 
was  made  for  those  materials  used  in  the  vacuum  system,  that  is,  Fe,  Ni,  Cr,  Cu,  Si 
and  0.  These  elements  were  not  observed  down  to  the  sensitivity  of  the  measurement 
which  is  about  0.1  weight  percent.  A  full  spectral  check  was  made  for  all  the  other 
detectable  elements,  but  this  measurement  did  not  reveal,  any  other  impurities. 
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4,1,3  Infrared  Spectrographic  Analysis 

A  Perkin-Elmer  Type  621  infrared  spectrophotometer  fitted  for  reflectance 
measurements  was  employed  in  this  phase  of  the  investigation. 

The  reststrahlen  peak  was  used  to  Identify  the  presence  of  GaAs  deposited  on 
a  silicon  substrate.  The  silicon  substrate  was  chosen  since  there  is  no  change  in 
its  reflectivity  in  the  30-  to  40-pm  range.  An  almost  identical  reflectance  peak 
was  found  for  the  GaAs  film  as  is  seen  for  bulk  chromium- doped  semi- insulating  GaAs 
(compare  Figs.  17a  and  17b). 

Subsequent  films  grown  on  GaAs  substrates  gave  rise  to  very  large  interference 
fringes,  a  typical  example  of  which  is  seen  in  Fig.  17c,  This  could  only  happen  if 
there  was  a  large  difference  in  the  index  of  refraction  between  the  film  and  sub¬ 
strate,  or  if  an  interfacial  layer,  with  a  different  index,  existed  between  the 
GaAs  substrate  and  the  film.  Examination  of  Fig.  17c  also  reveals  a  periodic  ampli¬ 
tude  variation  with  wavelength  which  suggests  the  presence  of  a  second  film. 

4.2  Verification  of  the  Presence  of  an  Interfacial  Layer 

'Two  techniques  were  employed  to  determine  if  such  a  layer  existed.  First,  a 
substrate  wa3  mounted  in  cross  section,  lightly  etched  and  replicated.  The  replica 
was  then  observed  in  an  electron  microscope.  The  photomicrograph  in  Fig,  18  clearly 
shows  an  interface  layer  between  the  substrate  and  the  GaAs  deposit.  Second,  another 
sample  was  etched  slowly  down  from  the  surface  until  the  interface  layer  was  revealed. 
A  photograph  of  this  layer  is  shown  in  Fig,  19,  where  the  interface  layer  has  folded 
over.  Another  sample  of  the  interface  layer  was  floated  off  this  GaAs  substrate 
and  placed  on  a  silicon  wafer.  Electron  microprobe  analysis  of  this  film  in.iicated 
only  gallium  and  oxygen;  therefore,  the  interfacial  layer  is  most  probably  Ga2c,3- 

Contamination  of  the  gallium  target  by  oxygen  and  water  vapor  occurs  when  the 
vacuum  system  is  opened.  The  films  discussed  above  were  deposited  directly  from 
this  contaminated  target;  consequently,  the  interface  layer  of  gallium  oxide  is 
formed  as  the  oxidized  target  surface  is  sputtered.  When  all  the  oxide  is  sputtered 
from  the  target,  a  distinct  gallium  arsenide  layer  is  deposited  on  the  oxide  layer 
as  can  be  seen  in  Fig.  18  and  as  verified  by  x-ray  diffraction. 

4.3  Techniques  to  Eliminate  the  Interface  Layer 

The  proceeding  experiments  have  determined  the  existence  of  an  oxide  layer  on 
the  substrate.  This  layer  was  the  cause  of  polycrystalline  growth  and  must  be  eli¬ 
minated  to  enable  epitaxial  growth. 
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FIG.  18 
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FIG  19 


OPTICAL  PHOTOMICROGRAPH  OF  THE  TOP  VIEW  OF  THE  INTERFACE  LAYER 
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Two  procedures  have  been  employed  tfntch  together  have  solved  the  problem  of 
the  interface  layer.  First,  the  galliun  target  is  sputter  cleaned  with  a  shutter 
positioned  in  front  of  the  substrate.  This  removes  the  gallium  oxide  from  the 
target  surface.  Second,  the  shutter  is  opened  and  the  substrate  is  sputter  cleaned 
to  remove  any  contamination  that  might  have  occurred  during  system  bake-out  and 
target  cleaning.  The  use  of  these  procedures  enabled  the  deposition  of  an  epitaxial 
film  which  is  described  in  the  next  section. 

Considerable  engineering  was  required  to  introdt.ce  both  a  movable  shutter  and 
the  capability  of  sputter  cleaning  the  substrate.  This  was  due  to  the  presence  of 
the  two  outer  shrouds  and  the  high  temperature  (~  250°C)  of  the  chamber. 


4,4  Initial  Epitaxial  Re  suit  z 

4.4.1  Deposition  F&rameters 

After  the  modification  mentioned  in  the  previous  section  were  made,  an 
epitaxial  gallium  arsenide  film  was  deposited.  The  following  process  parameters 
were  used: 

1.  Gallium  target  sputter  cleaning  -  15  W/cm2  for  15  min. 

2.  Substrate  rf  sputter  cleaning  -  220  V  (nns)  for  12  min. 

3.  Film  deposition  -  3*7  w/cm2  for  82  min. 

4.  Substrate  temperature  -  ~  350°C. 

5.  Deposition  rate  -  244  A/ml n. 

6.  Arsenic  pressure  -  25  mtorr. 

7.  Substrate  -  Cr-doped  GaAs  oriented  in  the  (100)  direction. 

4.4.2  Reflection  Electron  Diffraction  (RED) 

Each  of  the  samples  were  mounted  on  a  pedestal  using  silver  paint.  The  edges 
of  the  substrate  were  also  covered  with  paint  to  prevent  diffraction  off  the  sub¬ 
strate.  The  (110)  pattern  from  the  film  can  be  seen  in  Fig.  20.  The  computed  "<i" 
spacing  is  proper  for  gallium  arsenide,  and  the  orientation  of  the  patterns  with 
respect  to  the  substrate  cleavage  planes  is  correct.  Kikuchi  lines,  which  indicate 
a  high  degree  of  order,  are  present  for  all  orientations  of  the  film  with  the 
electron  beam.  No  evidence  of  polycrystalline  rings,  amorphous  halos  or  twinning 
can  be  observed. 

These  RED  results  strongly  indicate  that  the  film  surface  is  single  crystal 
gallium  arsenide  which  is  epitaxially  grown  on  the  substrate, 

4.4.3  X-ray  Diffraction 

The  x-ray  scan  shown  in  Fig.  l6c  for  the  epitaxial  sample  has  very  large  (200) 
and  (400)  peaks  due  +0  both  the  substrate  and  the  film.  There  are  also  very  weak 
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OaAs  lines  associated  with  (311)  and  (220)  planes  pe  rail  el  to  the  sastple  surface. 

This  Indicates  poly  crystalline  growth  soMWhere  in  the  film.  Together  with  the  RED 
results  it  is  presently  believed  that  the  poly  crystallinity  arises  due  to  Initial 
growth  on  dirt  particles.  Hie  x-ray  diffraction  scan  also  has  a  broad  amorphous 
peal  around  a  "d"  spacing  of  2. 62 A.  This  nay  also  be  associated  with  particles  on 
the  surface  prior  to  deposit io*  . 

4.4.4  Conductivity  and  Hall  Measurements 

The  conductivity  was  determined  for  a  single  crystal  film  grown  on  a 
chrctniua- doped  GaAs  smi-insulatirg  substrate  over  the  temperature  range  -100°C  to 
130°C.  Due  to  the  high  Impedance  of  the  sample  (~  10®  ohms)  dc  measurements  were 
made  using  a  Keithley  electrometer.  Semple  preparation  involved  defining  a  Hall 
mesa  by  etching  through  the  film.  Tit  contacts  were  alloyed  to  the  epitaxial  layer, 
but  this  process  also  makes  contact  to  the  substrate.  The  resistivity  of  chromium- 
doped  gallium  arsenide  Is  ~  10°  ofam-cn  at  room  temperature  and  decreases  rapidly 
with  increasing  temperature,  P  ~  exp(AE/itT)  where  A£  ~  0.57  eY  (Ref.  8)  in  our 
temperature  interval  of  measurement.  Resistivity  measurements  made  on  our  epitaxial 
layer  and  substrate  above  room  temperature  (see  Fig.  21)  show  an  activation  energy 
(0.63  eV)  characteristic  of  the  substrate  and  not  the  film.  At  lower  temperatures 
the  substrate  becomes  more  insulating  and  properly  isolates  the  film  to  give  meaning¬ 
ful  film  resistivity  data.  At  room  temperature  the  film  resistivity  is  9.3  x  ID 3 
chm-an  and  exhibits  a  resistivity  variation  vith  temperature  of  exp(O.O05  ev/kT). 

If  the  reasonable  assumption  is  made  that  the  carrier  mobility  does  not  change 
appreciably  over  this  temperature  interval,  this  temperature  dependence  can  be  due 
to  a  structural  defect  (Ref.  9)  c r  to  an  Impurity,  e.g.,  copper  (Ref.  10)  or  manganese 
(Pef.  11).  If  levels  deeper  than  0.1  ev  below  the  conduction  band  are  present,  these 
of  course,  would  be  masked  by  the  shorting-out  effect  of  the  substrate  at  higher 
temperatures. 

At  this  point  no  reliable  Hall  data  is  available  for  the  epitaxial  material. 

If  ene  calculates  the  Hill  motility  and  carrier  concentration  from  our  results  a* 
room  temperature  and  assigns  these  values  to  the  epitaxial  layer,  the  results  are  as 
follows:  free  electron  density,  n  =  7  x  10^  c*n”J  Hail  mobility,  -  9.7 
oo^/V-sec.  Since  typical  Hall  measurements  for  the  Cr~ doped  substrate  material 
indicate  a  net  n-type  conductivity  with  Hail  mobilities  ~  100-600  err /V- see,  signi¬ 
ficant  contributions  from  the  substrate  to  the  measured  Hall  voltages  will  exist  if 
the  Hall  nobility  of  a  fairly  resistive  film  is  below  that  of  the  semi -insulating 
substrate.  This  is  believed  to  be  the  situation  here.  Furthermore,  a  Kail  mobility 
of  9.7  cnr/V-sec  for  electrons  dtoes  not  make  sense  in  GaAs.  However,  it  is  possible 
that  the  epitaxial  film  is  p-type  and  has  a  Hall  nobility  less  than  commonly  observed 
room  temperature  values  of  ~  400  eo^/V-sec  for  pare  material.  The  measured  Hall 
voltage  will  then  consists  of  a  negative  contribution  from  the  substrate  and  a  posi- 
1  ive  contribution  fro®,  the  film  and  not  give  a  meaningful  result  if  assigned  to  the 
film.  The  hole  concentration  at  room  temperature,  assumlrg  &  reasonable  hole  mobility 
of  100  aa^/V-soc  and  using  the  film  resistivity  of  9*3  x  10^,  is  calculated  to  be 
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~  6.7  x  id12  car 3,  Experiments  are  In  progress  to  grow  the  QaAs  epitaxial  layer  on 
lnsulatli«  substrates,  i.e.f  sapphire,  and  so  isolate  the  QaAs  mesa  for  Hall  seasu re¬ 
sent.  Alternatively,  a  thick  layer,  about  2  alls  thick  can  be  grown  on  seal- insulating 
QaAs,  and  the  substrate  refuted  by  lapping.  Unfortunately,  using  grcwth  rates  obser¬ 
ved  for  GaAs  up  to  now,  this  would  require  30  hours  of  tine  and  Multiple  growth  runs. 

If  slrgLe  crystal  growth  cannot  be  obtained  on  non-OaAs  insulating  substrates,  this 
will  be  our  only  recourse  in  order  to  f dly  electrically  characterize  the  epitaxial 
material. 


4.5  Conclusions  and  Future  Work 

■There  are  two  probable  reasons  for  the  observed  properties  of  the  first 
epitaxial  SaAs  film.  The  most  csbiguous  results  are  the  high  resistivity  (~  1CT 
ohes-cxa)  sjid  the  apparent  low  n-type  mobility  (~  10  cc^/V-sec).  These  imply  a  free 
carrier  density  of  7  x  10^  csT^.  On  the  other  hand,  a  mobility  of  10  aa^/V-sec 
implies  ionized  impurities  greater  than  10^°  an” 3.  This  indicates  an  extremely 
high  level  of  compensation.  The  question  then  is  whether  these  compensating  species 
are  principally  impurities  or  arsenic  and/or  gallium  vacancies.  Electron  microprobe 
analysis  indicates  impurity  levels  less  than  10^9  can'-.  One  might  therefore  conclude 
that  the  compensation  is  due  to  vacancies  rather  than  impurities.  Since  the  present 
mobility  measurements  are  in  doubt  due  to  the  canceling  effect  of  the  substrate  in. 
the  net  measured  Hall  voltage,  it  is  impossible  to  draw  any  hard  conclusions  at  this 
time.  Attempts  to  grow  gallium  arsenide  on  sapphire  are  being  made  so  that  unambi¬ 
guous  mobility  measurements  can  be  made.  If  these  results  indicate  a  low  ability, 
then  vacancies  probably  are  the  controlling  factor.  It  will  then  be  necessary  to 
vary  deposition  rate,  substrate  temperature  and  arsenic  pressure  in  c.r.  attempt  to 
reduce  the  vacancy  concentration.  Whether  the  electrical  oroperties  are  governed 
by  p~ type  impurities  or  vacancies,  n-type  material  can  be  pvrduced  'ey  doping  the 
layer  by  introducing  an  impurity  such  as  tin  into  the  gallium  target.  At  seme  level 
of  doping  the  films  will  convert  to  n-type  with  higher  mobility.  This  can  then  be 
used  as  &  measure  of  the  intrinsic  impurity  or  vacancy  concentration  if  single  cry¬ 
stal  gallium  arsenide  cannot  be  deposited  on  the  sapphire  substrate.  .If  the  elec¬ 
trical  properties  are  determined  by  several  impurities  present  at  10^°  levels, 
this  technique  will  determine  their  combined  concentration.  If  the  Hall  results 
on  sapphire  indicate  a  nobility  which  corresponds  to  impurity  levels  of  10^7  or 
ID1-  then  either  impurities  or  vacancies  may  again  be  the  controlling  factor. 

A  more  sensitive  chemical  analysis  such,  as  ion  microprobe  mass  spectrometry  or 
neutron  activation  analysis  will  be  needed  to  resolve  the  anosoly. 

After  the  fundamental  electrical  and  structural  properties  of  the  gallium 
arserdde  layers  have  teen  establir'*-.':  1  an  attempt  will  be  made  to  fabricate  a  devic-. 
consistent  with  these  properties. 

4 

Once  the  gallium  arsenide  has  been  characterized  an  aluminum  target  will  be 
installed  in  the  sputtering  system  and  attempts  will  be  made  to  deposit  aluminum  | 

arsenide  films  on  GaAs  substrates.  $ 

4 
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REACT IVELT  SR7TTETED  EPITAXIAL  HJTILE  FHM3 


The  rutile  modification  of  titanium  dioxide  is  known  to  have  one  of  the  highest 
dielectric  constants  (90  JL  and  160  1 1  c-axis)  (Ref.  12)  among  the  simple  oxides. 

The  preparation  of  the  rutile  for*  of  titanium  dioxide  is  complicated  by  the  fact 
that  there  exist  two  other  polymorphic  farms  of  the  oxide,  anatase  and  hrooklte.  In 
■any  cases,  the  variation  in  the  measured  properties  reported  on  thin  film  titanium 
dioxide  is  due  in  large  measure  to  the  fact  that  the  films  deposited  are  ge^rtliy 
comprised  of  mixed  phases  of  titanium  dioxide.  Ooshtogore  and  Horieka  fJtef#  13) 
have  been  able  to  successfully  prepare  epitaxial  films  of  rutile  by  chemical  vapor 
deposition  utilizing  the  reaction  of  tltaidva  tetrachloride  and  oxygen.  We  believe 
that  the  present  work  is  the  first  successful  eff.  rt  in  obtaining  epitaxial  sirgle 
crystal  films  of  rutile  by  reactive  rf  sputtering. 


5.1  Epitaxial  Ifcin  Film  Deposition  of  TiOg 

Films  of  rutile  were  preparr d  by  reactive  rf  sputtering  of  &  titanium 
target  in  oxygen.  The  titanium  target  was  99*999$  pure  and  the  oxygen  was  99.99^$ 
pure.  The  sputtering  chamber  was  of  stainless  steel,  pumped  with  a  conventional 
oil  diffusion  pumped  and  backed  with  a  standard  mechanical  pump.  A  liquid  nitrogen 
cooled  chevron  baffle  and  a  water  cooled  chevron  baffle  were  located  between  the 
chamber  and  the  diffusion  pump.  All  vacuum  ports  were  sealed  with  vllor.  A  "O'5 
rings.  The  system  was  evacuated  to  approximately  2  x  10“6  torr  before  each  run. 

The  initial  efforts  to  achieve  epitaxy  were  directed  toward  growing  rutile  on 
rtr.ile.  Rutile  substrates  were  cut  with  the  c-axis  normal  to  the  surface.  Epitaxy 
was  obtained  at  a  substrate  heater  temperature  of  65C°C,  an  oxygen  pressure  of  10”2 
torr  and  power  density  of  1,6  w/on2.  Under  similar  conditions,  epitaxy  was  not 
achieved  on  (1102)  and  (0001)  oriented  sapphire  substrates.  The  stainless  steel 
substrate  heater  was  strongly  oxidized  at  higher  temperatures  and  was  replaced  with 
a  tantalum  heater. 

3ubstra.es  were  heated  by  placirg  them  either  directly  onto  a  tantalum  5frip 
heater  or  on  a  thin  high  purity  AloO^  slide  which  was  in  direct  contact  with  the 
heater.  The  temperature  cf  the  heater  was  monitored  with  an  optical  pyrometer  at 
temperatures  above  800°C  and  with  a  chromel -alumel  thermocouple  spot  welded  to  the 
heater  at  temperatures  below  800°C.  Agreement  between  the  two  was  within  5°C  at 
300°C.  Above  300°C  the  thermocouple  weld  would  not  hold  due  to  the  deterioration 
of  the  heater  in  the  oxygen  sputtering  environment.  At  the  elevated  temperatures 
strip  heater  li.'e  was  limited.  The  correlation  between  heater  temperature  and  sap¬ 
phire  substrate  temperature  was  established  by  measuring  the  charge  in  leigth  of  a 
c:-axis  oriented  sapphire  substrate  for  a  given  beater  temperature.  The  substrate 
temperature  was  then  inferred  from  values  of  the  linear  expansion  for  sapphire  per¬ 
pendicular  to  the  c-axis.  Jbre  details  of  this  calibration  are  presented  in 
Appendix  I. 
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A  aonULe  abutter  was  provided  between  the  substrate  and  the  target.  The 
target  was  spattered  dean  for  about  1J  nlmrtes  with  the  shatter  dosed.  Then, 
without  interrupting  the  sputtering  process,  the  shatter  was  opened  and  deposition 
began.  The  sputtering  gas  was  admitted  to  the  dumber  through  a  precision  micro¬ 
meter  waive.  Since  the  system  was  continuously  pumped  diring  deposition,  a 
throttlii£  valve  was  necessary  to  keep  from  overloading  the  diffusion  pump.  The 
inlet  and  exhaust  valves  were  adjusted  to  provide  a  chamber  pressure  of  15  x  10*3 
lorr  and  a  diffusion  pump  foreline  pressure  of  25  x  10*3  torr.  Rated  pumping 
speeds  for  'Jka  diffusion  pump  at  this  foreline  pressure  is  shout  250  liters  per 
aimte.  The  vol  of  the  sputtering  chamber  is  shout  25  liters,  so  that  the 
sputtering  atmosphere  was  being  completely  renewed  about  10  times  per  minute. 

Ifce  sarnfcire  substrates  were  prepared  as  discussed  in  Section  2.1.  Epitaxy 
las  been  achieved  at  substxcte  temperatures  as  low  as  700°C.  Also  epitaxial  rutile 
films  were  formed  at  a  variety  cf  substrate  temperatures  up  to  1200°C.  At  the 
upper  neater  temperature,  heater  life  was  no  severely  limited  that  further  increase 
ir.  sutst.ate  temperature  was  impractical.  The  deposition  rate  was  approximately 
25  A^ain  for  a  power  input  density  of  1.4  watts/aa^  to  the  titanium  target. 


5.2  Structural  Characterization 

The  film  structure  and  epitaxial  relationship  was  arrived  at  by  reflection 
electron  diffraction  and  x-ray  diffraction  data.  Figure  22a  shows  the  expected 
reflection  electron  diffraction  pattern  with  the  electron  beam  directed  along  [OlO] 
zone  axis  if  the  rutile  film  grows  with  its  c-axis  no  rami  to  the  film  plane.  The 
diffraction  pattern  obtained  for  an  epitaxial  film  grown  on  a  (001)  oriented  rutile 
sub st  .-ate  is  shown  in  Fig.  22b. 

X-ray  diffractometer  traces  of  TiCtj  films  grown  on  (1102)  oriented  sapphire 
substrates  show  a  single  diffraction  peak  corresponding  to  a  "i"  spacing  of  2A69A. 

This  can  be  interpreted  as  (101)  rutile  planes  growing  parallel  to  the  substrate. 

In  order  to  analyze  the  reflection  electron  diffraction  data,  diffraction  patterns 
were  calculated  for  the  electron  beam  directed  along  the  [lOl]  and  lOIOJ  directions 
with  (101)  planes  parallel  to  the  surface  (see  Fig.  23).  This  can  be  readily  iden¬ 
tified  with  the  experimentally  obtained  diffraction  patterns  shown  in  Fig.  24. 

The  angular  rotation  of  the  electron  beam  required  to  observe  the  [OlO]  and  [lOl] 
patterns  is  90°  and  each  individual  pattern  repeats  with  a  period  of  180°  as 
expected  for  a  tetragonal  structure. 

The  data  for  rutile  films  grown  on  (0001)  sapphire  substrates  is  somewhat  more 
ambiguous  to  interpret.  X-ray  diffractometer  data  indicate  that  (100)  planes  of  rutile 
grow  parallel  to  the  (000!)  planes  of  sapphire.  Figure  25  shows  reflection  electron 
diffraction  data  which  can  be  correlated  with  [OlO]  and  [OOi]  directions  of  rutile. 

The  calculated  diffraction  patterns  are  illustrated  in  Fig.  26.  Although  there  is 
apparent  agreement  between  the  measured  and  calculated  results,  an  examination  of 
the  angular  dependence  of  the  diffraction  patterns  reveals  that  the  repeat  period 
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CALCULATED  AND  EXPERIMENTAL  RED  PATTERN  FOR  RUTILE 
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FIG.  23 


CALCULATED  RED  PATTERNS  FOR  RUTtLE  FILM 
WITH  (101)  PLANES  PARALLEL  TO  SURFACE 
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FIG.  24 
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RED  OF  Ti02,  ON  (0001)  Al203 
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CALCULATED  RED  PATTERN  FOR  TK>2  FILM 
WITH  (0011  PLANES  PARALLEL  TO  SURFACE 
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for  the  [010]  and  [OOl]  patterns  is  60°  rather  than  180°.  In  addition  the  two 
patterns  alternate  with  a  30°  period  rather  than  90°  •  This  ayaaatxy  cannot  be 
explained  on  the  basis  of  the  tetragonal  symmetry  of  rutile,  There  is  no  evidence 
in  the  literature  that  a  hexagonal  modification  of  TiOg  exists,  A  careful  examina¬ 
tion  of  the  diffraction  patterns  reveals  that  the  higher  order  reciprocal  lattice 
points  occur  in  pairs,  A  similar  effect  is  observed  in  the  diffraction  data  for 
chemical  vapor  deposited  films  on  (0001)  sapphire  presented  by  Ooshtogore  and 
Norieka  (Ref,  13).  Furthermore,  (100)  rutile  planes  are  identified  as  growing 
parallel  to  (0001)  sapphire  planes.  However,  a  point  of  confusion  arises  with 
their  assessment  of  the  epitaxial  relationship  between  the  film  and  substrate. 

The  reciprocal  lattice  vectors  [OOl]  and  [Oil]  of  rutile  are  identified  with  the 
Clio]  direction  of  sapphire,  This  appears  to  be  in  error  and  a  further  comparison 
of  results  becomes  impossible. 

A  tentative  interpretation  of  our  observations  is  the  following.  The  (0001) 
plane  of  sapphire  exhibits  bi-3-fold  symmetry.  The  atomic  arrangement  of  sapphire 
in  this  plane  cannot  accomodate,  in  an  unambiguous  fashion,  the  atom  arrangement 
of  (100)  planes  of  rutile  which  have  two  fold  symmetry.  A  reasonable  speculation 
is  that  three  equivalent  nudeation  sites  may  occur  on  the  (0001)  sapphire  which 
would  give  rise  to  an  unusual  twinned  cyrstal  arrangement  exhibiting  the  six-fold 
symmetry  observed.  Thicker  films  are  being  grown  which  will  give  unambiguous  back 
reflection  data  required  to  resolve  this  issue.  Electron  micrographs  of  replicated 
surfaces  of  rutile  films  grown  on  (0001)  and  (1102)  sapphire  (see  Figs.  27  and  28) 
show  that  the  films  grown  on  the  (0001)  substrates  are  considerably  rougher  than 
those  grown  on  (1102)  substrates.  This  rough  topography  may  be  indicative  of  highly 
twinned  growth  on  (0001)  substrates. 


5*3  Future  Work 

Optical  waveguiding  experiments  will  be  carried  out  with  rutile  films  grown  on 
(1102)  sc  phire.  Deposition  parameters  will  be  optimized  to  yield  films  with  the 
best  optical  quality.  Optical  and  electrical  properties  of  the  film  will  be  fully 
characterized.  Epitaxy  of  rutile  on  lithium  niobat*  substrates  will  be  explored. 
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ELECTRON  MICROGRAPH  OF  Ti02  ON  (0001)  Al203 
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APFEHDEX  I 

SULSTRATE  TEMPERATURE  MEASUREMEBI 


One  of  the  more  difficult-  pieces  of  data  for  the  experimenter  in  thin  film 
vacuur  vje  posit  Ion  to  obtain  is  ;  nib  st  rate  temperature  during  film  growth.  A  common 
situation  is  found  where  a  film  is  to  be  grown  on  one  side  of  a  planar  substrate. 

The  substrate  surface  must  be  exposed  to  the  deposition  source;  therefore,  the 
heating  of  the  substrate  must  be  arranged  so  as  not  to  interfere  with  the  line  of 
right  path  of  the  deposit.  Systems  utilizing  radiation  exclusively  for  heating  and 
temperature  monitoring  must  operate  in  the  region  where  the  substrate  Is  strongly 
absorbent.  For  sapphire  this  would  require  optics  and  energy  source  operating 
above  7W  wavelength. 

The  most  common  method  of  substrate  heating  •'a  to  place  the  substrate  in 
contact  with  a  solid  heat  source  at  the  temperature  desired.  Various  methods  are 
used  to  insure  that  the  substrate  is  at  the  same  temperature  as  the  source.  Sub¬ 
strates  can  be  held  to  the  heater  by  gravity,  mechanically  damped,  or  bonded  with 
seme  good  heat  transfer  medium.  The  most  satisfactory  method  to  ensure  that  the 
substrate  follows  the  heater  temperature  is  through  the  use  of  a  bonding  material. 

aw  ever,  this  method  suffers  from  the  fact  that  almost  any  bonding  material  will  have 
an  appreciable  vapor  pressure  at  elevated  temperature  thereby  constituting  a  serious 
source  of  contamination. 

Through  a  series  of  experiments  which  involved  the  normal  operations  of  loading 
the  substrate  in  the  sputtering  system  and  pumping  down,  we  have  found  that  a  sub¬ 
strate  simply  held  by  gravity  on  a  heater,  while  not  necessarily  achieving  the  same 
temperature  as  the  heater,  will  repeatedly  come  up  to  very  nearly  the  same  equili¬ 
brium  temperature.  The  correlation  between  heater  temperature  and  sapphire  substrate 
temperature  was  then  established  by  measuring  the  change  in  length  of  a  c-axis 
oriented  sapphire  substrate  for  i  given  heater  temperature.  The  substrate  tempera¬ 
ture  was  then  inferred  from  values  of  the  thermal  linear  expansion  for  sapphire 
perpendicular  to  the  c-axls. 

The  heater  was  a  tantalum  strip  heater,  identical  to  those  used  in  the  major 
portion  of  this  program.  The  heater  temperature  was  determined  with  an  optical 
pyrometer  at  temperature  above  800°C  and  with  a  chromel-alumel  thermocouple  spot 
welded  to  the  heater  strip  at  temperatures  belcw  300°C.  At  800°C,  agreement  between 
the  two  was  within  5°. 

The  length  measurements  were  made  with  a  cathotcmeter  capable  of  reading  to 
0.001  on.  Observed  changes  in  sapphire  length  ranged  from  about  0.010  <9  at  250°C 
substrate  temperature  to  0.094  at  l400°C  substrate  temperature.  Observations  were 
made  for  t*as  pressures  of  less  than  2  x  10 "3  terr,  10“*  and  10" 1  torr.  The  thereml 
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expansion  data  for  c-axis  oriented  sapphire  used  for  this  study  are  presented  in 
Fig.  Al.  The  calibration  curves  resulting  from  these  measurements  are  shown  in 
Pig.  A2C  All  curves  lag  the  heater  temperature  considerably  at  the  lower  tempera- 
tures  but  rapidly  approach  it  for  heater  temperature  above  1000°C.  As  expected 
the  low  temperature  lag  is  most  pronounced  for  low  gas  pressures.  The  low  tempera¬ 
ture  lag  is  least  for  the  case  where  a  thin  AI2O3  slide  is  used  as  a  liner.  This 
is  indeed  fortunate  since  this  liner  is  used  primarily  to  reduce  substrate  contamina¬ 
tion  from  the  beater.  At  higher  temperatures,  however,  the  liner  appears  to  cause  a 
slight  reduction  of  substrate  temperature  as  opposed  to  the  bare  beater. 
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FIG.  A1 


ELONGATION  OF  SAPPHIRE  VS  TEMPERATURE 
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